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[57] . ABSTRACT

A brake control system for a vehicle having a number
of wheels with brake application device is provided
with a slip error signal that is used to modify brake ap-
plication means. The slip error signal is produced by
comparing an instantaneous wheel speed signal to a
simulated vehicle variable reference signal. The simu-
lated vehicle variable reference signal is produced by
a simulator supplied with wheel speed information ob-

tained solely from one wheel to avoid error inducing

introduction of wheel speed information from other
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1
BRAKE CONTROL SYSTEM

This application is a continuation of my application
for U.S. Letters Pat., Ser. No. 871,439, filed Oct. 22,
1969 (now abandoned), which in turn is a continua-
tion-in-part of my application for U.S. Letters Pat., Ser.
No. 665,072, filed Sept. 1, 1967 (now abandoned), en-
titled Braking Control System for Aircraft Vehicles and
the Like.

This invention is directed to a multi-wheel brake con-
trol system suitable for use on a vehicle equipped with

independently brakable wheels. Each wheel activates

transducer and converter means for translating wheel
rotational speed to electrical energy having an analog
value proportional to wheel speed. The control system
features means providing an electrical reference repre-
sentative of and simulating the ground speed of the ve-
hicle together with means for producing, relative to
each wheel, an electrical value representing the instan-
taneous wheel speed and comparator means having a
dual output for comparing this electrical value with the
electrical reference simulating the vehicle ground
speed. One of the dual outputs of the comparator
means results from a minor error signal representative
of incipient wheel skid and a small disparity between
the compared electrical values and a first predeter-
mined quantity, and is utilized to effect minor relax-
ation of braking on the associated wheel. The second
output of the comparator means results from a gross
error or an excess deceleration signal representative of
gross disparity between the compared electrical values
and a second predetermined quantity, and is utilized to
further augment the brake relaxing action of the first
one of the output signals, it being understood that the
two output signal processing means operate in parallel
independently of one another and additively. In this
manner the invention system operates during decelera-
tion to provide a reference signal simulating vehicle
ground speed and including means for continuously
generating at each braked wheel an analog signal repre-
senting instantaneous rotational speed and for compar-
ing this signal with the vehicle speed reference. If the
difference is small, relatively light brake relaxation oc-
curs, but if the difference is large, substantially greater
relaxation occurs. In addition, the system features
means operating at times to provide full brake release
until the wheels approach or resume a speed corre-
sponding to the vehicle ground speed before permitting
further braking.

A paired wheel crossover circuit interconnecting the
brake controls of paired wheels located along the oppo-
site sides of the vehicle is responsive to a gross disparity
between the rotational speeds of the paired wheels to
release braking of the slow wheel as well as to provide
fail safe protection should the speed sensing circuit of
either wheel fail. In this case, braking of the wheel hav-
ing the unserviceable speed sensor is deactivated.

Another important feature is the provision of hydrau-
lic lag compensation including separate means for com-
pensating for the different lag values associated with
brake release and with reapplication of braking. Each
of these lag values is simulated and appropriate correc-
tion signals are combined with the braking signals asso-
ciated with brake relaxation and with restoration of
braking.

In the prior art, vehicle braking systems are known in
which analog signals are generated which represent the
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2

rate of rotational deceleration of a wheel being braked,
and in which a reference signal is produced which rep-
resents an experimentally determined maximum per-
missible rate of rotational deceleration of the wheel,
the two signals being effectively placed in opposition
whereby brake-controlling means, such as a valve, are
quiescent or unenergized until such time as the refer-
ence signal is exceeded by the wheel deceleration sig-
nal, whereupon the brake is released in proportion to
the signal differences. Other of these prior systems uti-
lize means for draining or bleeding away the wheel-
deceleration signal via drain means to correspond with
the amount of the wheel-deceleration signal produced
when wheel-skidding is substantially incipient. When
the signal drainage capacity is exceeded, the excess sig-
nal value is used to initiate operation of brake-
controlling means to reduce the braking effort.

The present system presents certain improvements
over the prior art such as the provision of a continu-
ously variable reference signal representing the imme-
diately previous wheel speed as modified by a signal
representing what the entire vehicle braking system is
currently doing. The standard of reference is the poten-
tial of a charge stored in a capacitive device and repre-
sentative of craft speed, the charge being caused to de-
crease in proportion to braking effectiveness. This
stored charge is subject to variable drainage dependent
upon the magnitude of brake-control signals furnished
to the several brakes. The system utilizes the reference
potential and an analog potential representing the in-
stantaneous rotational speed of a wheel in comparator
means operating to provide first and second output sig-
nals which are processed to provide separate brake-
control signals if either output signal exceeds a respec-
tive threshold value. The first output signal is used to
produce. a relatively moderate brake relaxation signal
provided by the effects of the first signal up to a se-
lected level of relaxation. The second error signal, aug-
mented by the first, is used to relax the brake further
up to and including complete release of the brake of
the associated wheel, depending upon the disparity be-

.tween the wheel velocity analog signal representing the

instantaneous rotational speed of the wheel and the in-
stantaneous value of the variable reference analog sig-
nal representative of the craft ground speed.

It will therefore be understood that the present inven-
tion provides a comparator unit operable to provide
separate minor and major error signals for each wheel
to the end that these separate signals may be analyzed
separately of one another and compared with respec-
tive threshold values of selected measure and then uti-
lized alone and in combination to control braking ac-
tion. Minor output signals, herein also termed PBM or
pressure bias modulation signals, provide a primary
control and establish a variable mean pressure level of
braking pressure for normal braking conditions. The
major or transient error signals are processed sepa-
rately from the minor error signals and provide a major
corrective signal to vary the mean braking pressure
level in response to sudden large increases in wheel de-
celeration. Since these two error signals are processed
in parallel circuits and separately from one another,
each processing circuit can have its own threshold
level, gain and limit values. For example, the PBM sig-
nal control can be set to respond to a limited range of
small error signals whereas the transient signal control
can be designed to be relatively insensitive until the
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error signals approach and exceed the end of the PBM
control range. Under these circumstances, the transient
control means generates a high-speed high-gain correc-
tion signal to reduce braking pressure sharply and,
upon wheel spin-up, return control to the PBM control
unit. This arrangement is found to provide smooth vari-
ation in the valve signal for normal braking operations
and can be supplemented, on need, by a relatively large
transient signal should the wheel encounter a wet spot,
an ice patch or the like.

The present invention features a unique mode of es-
tablishing a reference potential representative of the
actual rotational speed for each wheel. This reference
potential is tailored to the size of the particular wheel
and to the tolerances of the components used in its own
speed sensing circuit. The reference potentia! for each
wheel is established instantly upon initial wheel spin up
and is re-established at new maximum but progressively
lower values each time the brake for that wheel is re-
leased and the wheel spins up. These maximum values
may be the same or different from the corresponding
reference potentials of the other wheels because of pos-
sible differences between the respective wheel diame-
ters and tolerance variations in the components of the
respective wheel speed sensing circuits. Each reference
potential decays at a rate which corresponds to the

20

4

ficient braking under wide range variable runway con-
ditions. ‘

An important safety feature of the invention is pro-
vided by a paired wheel crossover circuit coupling con-
trol circuits of two wheels at opposite sides of the vehi-
cle together to safeguard against the possibility of ei-
ther wheel operating with brakes applied when the as-
sociated wheel is locked or grossly over-braked. In ad-
dition the crossover circuit provides fail safe operation
in the event the speed sensor circuit for either of paired
wheels fails. In this case, the brake controlled by a non-
functioning sensor circuit is rendered inoperative until
the unserviceable circuit has been repaired.

Another novel feature of the invention concerns
means for simulating fluid inertia or time response
characteristics of the hydraulic braking system and op-
erating to compensate for the delay in relaxing the
brakes upon actuation of the control valve as well as for
the delay in reapplying the brake when the valve is ac-
tuated in the opposite direction. It will therefore be un-
derstood that the signal to the antiskid control valve

' employed to govern the brake of each wheel is modi-

25

maximum permissible vehicle deceleration rate under °

optimum runway braking conditions as modified by
brake release signals from all wheels subject to brake
control.

Another significant improvement in the present brak-
ing system arises from the fact that instantaneous wheel
braking is modified in accordance with the perfor-
marnce of the braking system as a whole, that is, by a
value representative of the instantaneous ground speed
of the craft. This expedient makes possible the same
control sensitivity under a wide range of runway condi-
tions over the entire range of vehicle landing speed
from touch-down to taxiing speed, a capability not
achievable with prior anti-skid systems.

Under dry runway conditions, the craft is capable of
decelerating at a high rate and with the relatively small
PBM brake signals applied to the valve to relax braking
pressure as needed. Under these conditions the poten-
tial representing craft velocity decays at a relatively
high rate as the craft decelerates rapidly. Under wet,
icy or low “mu” runway conditions the brake valves
will operate at relatively high correction signals with
the result that the craft speed reference potential is

caused to decay at a slower rate. Thus the instanta- -

neous wheel velocity is compared with a realistic air-
craft velocity and an error signal of greater intensity is
generated and utilized to provide an expedited valve
control signal, as is desirable for wet or icy runway con-
ditions. :

Another feature of the present braking system is the
fact that the transient control signal is added to or
summed with the PBM control signal to provide expe-
dited and greater brake relief when a wheel strikes a
wet or icy spot, or a patch of smooth macadam. As
soon as the wheel passes the low “mu” runway condi-
tion, the relatively severe transient error signal ceases
and control is returned to the relatively smooth and
even level error control provided by the PBM unit. It
is therefore seen that the present system has a highly
flexible and adaptive capability for providing highly ef-
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fied to compensate for fluid inertia factors associated
with both brake release and reapplication of the brake.

Accordingly, it is a primary object of the present in-
vention to provide an improved and more efficient
braking control system featuring high sensitivity and
more flexible responsiveness to ground conditions.

Another object of the invention is the provision of a
braking control system for aircraft and vehicles gener-
ally utilizing means for producing signals representative
of the changing ground speed of the craft and modify-
ing the braking action on individual wheels in a degree
dependent upon the difference between the craft speed
signal and the instantaneous speed signal of each
wheel.

Another object of the invention is the provision of a
braking control system for vehicles featuring means for
establishing separate deceleration reference signals for
each wheel for comparison with a signal representative
of the instantaneous rotational speed of the associated
wheel and including means for modifying each refer-
ence signal by a correction factor produced by the
brake control signals of the various wheels of the sys-
tem.

Another object of the invention is the provision of a
highly versatile, quickly responsive braking control sys-
tem having two means for separately processing differ-
ent types of instantaneous wheel speed error signals
and utilizing the output of one processing means to pro-
vide a range of minor brake control signals and the out-
put of the second means for providing a range of major
brake control signals when more severe corrective ac-
tion is needed.

Another object of the invention is the provision of a
braking control system for vehicles having means for
providing separate wheel speed deceleration signals
and for separately processing signals relative to individ-
ual predetermined threshold values and for utilizing the
resultant outputs to control wheel braking.

Another object of the invention is the provision of a
braking control system for a vehicle having a plurality
of wheels and utilizing brake control signals from all
the wheels to provide a reference representing the
ground speed of the vehicle for comparison with the in-
stantaneous speed of individual wheels to provide
means for braking individual wheels as necessary for
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maximum braking effectiveness under existing roadway
conditions.

Another object of the invention is the provision of a
braking control system for a plurality of vehicle wheels
in which braking is modified by signals obtained
through instantaneous comparison of a wheel speed an-
alog signal with a variable analog signal representative
of the contemporaneous ground speed of the vehicle.

Another object of the invention is the provision of a
braking control system having improved means for as-
suming wheel spin-up before permlttmg application of
the brakes.

Another object of the invention is the provision of a

braking control system having means associated with
pairs of wheels positioned one on either side of the
craft and operating to sense wide scale disparities in
their rotational speeds and responsive to such condi-
tions to release the brake of the slow wheel pending
spin-up.
" Another object of the invention is the provision of a
braking control system having means for normally con-
trolling the brake for each wheel independently of one
another and featuring fail-safe control means intercon-
necting the wheel circuits of each pair and operable to
deactivate the wheel brakes of the inoperative wheel
upon malfunctioning of speed sensor circuit.

Another object of the invention is the provision of a
braking control system for a multiwheeled vehicle hav-
ing the brake control means for wheels on opposite
sides thereof interconnected with one another and ef-
fective, upon sensing a wheel speed disparity of prede-
termined magnitude, to release the brake for the slower
wheel until the paired wheels are operating at generally
similar speeds.

Another object of the invention is the provision of a
braking control system utilizing hydraulic braking and
featuring means for compensating for time required to
drain fluid from brake components when relaxing the
brake. »

Another object of the invention is the provision of an
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anti-skid braking system utilizing hydraulic braking and |

featuring means for compensating for time required to
restore hydraulic pressure in the brakmg components
when reapplying the brake.

Another object of the invention is the provision of an
anti-skid braking system having separate selectively op-
erable hydraulic lag simulators for compensating for
fluid flow delays in releasing and reapplymg the brake
in response to a skid signal.

Another object of the invention is to provide means
for producing a signal representative of instant. rota-
tional speed of a whee] and means for deriving from the
produced signal a second signal representative of
ground velocity of the vehiclé, whereby disparity be-
tween such produced and second signals representative
of excessive rotational deceleration of the wheel rela-
tive to vehicle speed may be sensed and utilized to initi-
ate relaxation of braking effort at the wheel.

These and other more specific objects will appear
upon - reading the following specification and claims
and upon considering in connection therewith the at-
tached drawings to which they relate.

Referring now to the drawings in which a preferred
embodiment of the invention is illustrated.

FIG. 1 is a schematic functional block diagram of the
principal units of an illustrative embodiment of the in-
vention;
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FIGS. 2a and 2b taken together, comprise principally
a schematic diagram of the electrical components for
one wheel only of the several wheels being controlled;

FIGS. 3, 3a and 3b collectively depict in block and
schematic diagram form the circuit details of a second
exemplary embodiment of the invention in a system
employing operational amplifier (op amp) means and
comprising other circuit improvements for effecting
improvements in functional operations of certain
groups of the components of the system;

FIG. 4 is a graph useful in explaining optimization of
braking action attained by the means illustrated in part
in FIGS. 3, 3a¢ and 3b; and

FIG. 5 is a schematic block diagram useful in explain-
ing functional units of the circuits depicted more in de-
tail in FIGS. 3, 3a and 3b.

IN GENERAL

Referring to the drawings, there.is shown an exem-
plary embodiment of the invention arranged for use
with aircraft landing wheels, although it will be under-
stood that the principles of the invention are applicable
to means for braking vehicles generally. The showing
in the drawings is directed more particularly to the
components employed to control a single wheel and in-
cludes an indication of the necessary connections be-
tween the similarly connected control components as-
sociated with each of the other wheels. The invention
system includes for each wheel a suitable a.c. signal
transducer, such as a conventional a.c. generator,
driven by the wheel to supply an a.c. signal the fre-
quency of which is directly proportional to the rota-
tional speed of the associated wheel. The brake for
each wheel includes any suitable brake applying and
releasing means well known in this art and preferably
of the hydraulic type subject to control by the pilot or
other operator and including an electrically actuated
valve for releasing pressurized fluid to a fluid return
line when the invnetion control system signals for brake
relaxation. The a.c. wave produced by a wheel speed
transducer is supplied to a squaring unit.10 to produce
a substantially square-wave output signal having a fre-
quency directly proportional to the rotational speed of
the wheel driving the transducer. The square-wave out-
put of unit 10 is fed to a frequency-to-d.c.-potential an-
alog converter unit 20 which has two output signals
each having a potential magnitude proportional to the
frequency of the square wave input signal. Each com-
prises an instantaneous wheel speed signal in the form
of an integrated variable potential, and one is supplied
to comparator unit 30 and the other is supplied to ref-
erence signal unit 40, .

Comparator 30 is effective to compare the primary
input signal from unit 20 with a reference signal pro-:
vided from reference signal unit 40 to be described
presently. When any wheel is braked to decelerate in
excess of a determined rate, due to excessive braking
force or an insufficient ground co-efficient, comparator
unit 30 detects this condition by comparing the change
in magnitude of the output signal from unit 20 with the
magnitude of a varying reference potential produced
by reference signal unit 40 and representative of the in-
stantaneous ground speed of the craft. Comparator unit
30 has first and second output signal lines which may
or may not carry an effective output signal depending
on the natures of the input signals to unit 30. The first
output signal line is connected to a PBM or small error
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control unit 50 and the other to a transient or gross
error control unit 70.

If the input signal to PBM unit 50 is within prese-
lected range of magnitudes above a determined thresh-
old value representative of the need for minor braking
corrections, an output signal of appropriate magnitude
is channeled to driver unit 60 for the brake control
valve. If there is a gross speed error signal in excess of
a predetermined and separate threshold value, then
transient control 70 provides an intense output signal
to driver unit 60 augmenting the signal then being re-
ceived from PBM unit 50 with the result that driver unit
60 provides a large brake relaxing signal until the asso-
ciated wheel spins up to provide a nullifying signal. The
extent of brake relaxation is proportional to the input
signals received by driver unit 60 from units 50 and 70.

The output signal of driver unit 60 is also applied, in
common with similar signals supplied by each of corre-
sponding driver units associated with other of the vehi-
cle wheels, to reference signal unit 40. Unit 40 is ar-
ranged to utilize input signals supplied, respectively, by
converter unit 20 and a touchdown protection unit 90.
The latter unit is effective to provide a full strength
brake-release signal to control unit 80 until such time
as the associated wheel is fully load bearing and rotat-
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ing at full speed. Unit 90 is supplied electric power by .

an oleo switch which remains closed until the wheel be-
comes loadbearing. Other details of the exemplary sys-
tem and its operation are described below.

THE SYSTEM DETAILS

Direct current power at 18 volts is supplied to the cir-
cuitry from a closely regulated power supply via the
positively energized bus P and ground bus G. It will be
understood that the various circuit components are in-
terconnected as illustrated, and that R denotes resistor,
C denotes capacitor, CR denotes diode rectifier, J de-
notes a junction, and Q denotes a transistor. Suitable
exemplary values of the components are listed in Table.
I, below.

An a.c. wave signal from a wheel-actuated transducer
is introduced to the circuit on line T and is translated
in known manner into a square wave signal by unit 10
which includes a wave-shaping amplifier transistor
Q10. The latter amplifies the low level a.c. input signal,
and a Zener diode CR 13 clips the output of Q10 to
form a square wave having a constant amplitude and
the same frequency as the transducer signal. As is evi-
dent, the input a.c. wave signal is applied to the base of
Q10 via resistor R4 and coupling capacitor C3 and the
resulting square wave signal, generated across the cir-
cuit including resistor R25, appears at junction J1.

The square wave output signal of the squaring unit is
translated by the network including capacitors C4 and
C5, rectifiers CR14 and CRI1S5, resistor R26 and the
input portion of transistor Q11, into an analog d.c. sig-
nal having d.c. potential level proportional to wheel ro-
tational speed. The d.c. signal, so produced and ap-
pearing across capacitor CS§, is inverted and amplified
by means comprising transistors Q11 and Q12, the am-
plification being at a fixed gain determined by the ratio
of the values of resistors R27 and R26. The signal so
produced appears at J9 and has an analog potential
varying directly with rotational wheel speed. The cir-
cuit component values are so chosen that when the
tranducer input frequency is zero, Q11 is maintained in
saturation by the normal current through R27 and the
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voltage developed across resistor R29. In this manner,
the quiescent voltage developed across R29 establishes
a low speed velocity threshold or drop-out point for the
output signal from amplifier Q11-Q12.

The latter amplifier accordingly remains inactive
until the wheel rotational speed provides a square wave
signal producing a signal current through R26 equal to
the saturation current directed through R27 by the
threshold voltage apparent across R29. Accordingly, at
low wheel speeds amplifier Q11-Q12 is inactive and,
for reasons explained more fully presently, the wheel
speed signal is incapable of interfering with manually
controlled braking operations during taxing and park-
ing operations. - :

Comparator unit 30 comprises a differential ampli-
fier circuit featuring amplifiers Q3 and Q4 the currents
through which are restricted to a sum value held cons-
tant by constant current transistor Q14, the bias poten-
tial of which is fixed by resistors R35, R36 and R13 and
rectifier CR18. The wheel speed analog potential ap-
parent at junction J9 is impesed, via respective rectifi-
ers CR3 and CR2, onto the base electrodes of each of
amplifiers Q3 and Q4. This same wheel speed potential
is also employed to charge the vehicle ground speed
reference capacitor C8. Decay of the latter charge by
discharge via Q15 and R37 is regulated at a rate repre-
sentative of the desired instantaneous maximum per-
missible deceleration rate for the vehicle.

When the potential at J9 representing instantancous
rotational speed of the wheel decreases at a rate faster
than the vehicle speed reference potential on C8, recti-
fier CR2 becomes back biased, Q4 remains biased by
the potential of C8, and the bias of Q3 decreases with
the decreasing wheel speed potential. This condition
indicates the wheel is decelerating excessively and, in
consequence, Q4 conducts increasingly, and Q3 con-
ducts decreasingly, because Q14 operates to hold the
sum of the currents through Q3 and Q4 constant. As a
result of this differential action of Q3-Q4, a positive-
going potential signal is created at junction J21 and
concurrently a negative-going potential signal is cre-
ated at junction J22.

Thus there is generated at J21 a PBM wheel velocity
error signal when and only when the potential drop
across R9, CR4 decreases to a value at which Q3'is bi-
ased toward the nonconductive state. Similarly, there
is generated at J22 a transient wheel velocity error sig-
nal when and only when the potential drop across
R12-CRS increases to a value at which QS is biased to
the conductive state. .

The positive-going signal at J21 constitutes a first
output signal of comparator unit 30 and this signal is
applied to the base of transistor Q8 of the pressure bias
modulated or “PBM” control unit 50. The negative-
going signal appearing at J22 constitutes a second out-
put signal herein called a “‘transient control signal,”
and this signal is applied to the base of transistor QS of
transient control unit 70. The two noted signals, as
heretofore indicated, may be appropriately designated

“error signals. If these signals are small, they indicate

wheel deceleration at a rate moderately faster than the
rate of deceleration of the craft itself as represented by
the rate of discharge of the variable reference capacitor
C8. A stable condition of the differential amplifier
Q3-Q4 exists during’ wheel spin-up as the aircraft
touches down and whenever the wheel speed corre-
sponds with the ground speed of the craft less permissi-
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ble creep. An unbalanced condition exists whenever
the wheel is being braked so as to have a rotational
speed less than that equivalent to ground speed of the
craft minus the permissible non-skidding creep of the
wheel tread relative to the track. This condition is evi-
denced by a smaller potential at J9 than on capac1tor
C8.

The circuitry of unit 40 comprises chiefly reference
capacitor C8 transistor Q15 controlling the discharge
of C8 and control feedback loops from the valve drive
circuit of all wheels and which loops include a respec-
tive one of the resistors R50, R51, R52 and R53. For
example, it will be understood that R53 is in the feed-
back loop connected to the output of the driver circuit
for the particular wheel circuit shown in FIGS. 2a, 2b.
Similar currents are supplied to J50 by similar connec-
tions to similar driver units associated with each of the
other wheels. The currents thus supplied via R50, RS2,
and R53 to J50 are there added and flow to ground G
via resistor R37, which is the same resistor through
which reference capacitor C8 must discharge via tran-
sistor Q185.

It is, therefore, evident that the effective bias on Q15
and the decay rate permitted for C8 is dependent upon
the summed currents through J50. As previously noted,
the reference potential level at C8 relative to the poten-
tial at J9, determines the balance or degree of unbal-
ance of differential amplifier Q3~Q4 and depends upon
the rate at which C8 discharges. The instantaneous rate
of decrease of the reference potential on C8 is thus de-
termined by the contemporaneous rate at which C8 dis-
charges through Q15. The rate control feed back via
R50, 51, 52 and 53 will therefore be understood as ef-
fective to adjust the instantaneous Q15 collector cur-
rent to discharge C8 at a rate closely simulating the
contemporaneous instantaneous vehicle deceleration.

The current discharging from capacitor C8 via Q15
dictates the rate of charge of the reference potential of
C8. Thus-if the current is controlled by means of the
circuit parameter's of Q15 base and the current at J50
in a manner accurately representing vehicle decelera-
tion, the rate of change of the reference velocity poten-
tial of C8 will be the same as the rate of change of air-
craft velocity, Thus the wheel velocity signal will be
compared to an accurate répresentation of the aircraft
velocity as normalized for circuit component toler-
ances, tire diameter, etc. )

An alternative method and means ‘for providing a
representation of the ground speed of the vehicle uti-
lizes a free running wheel and generator means driven
by the wheel and generating a current of intensity pro-
portional to the rate of change of ground speed of the
wheel, the generated current being applied to the dis-
charge circuit for capacitor C8 provided by Q15 and
R37. Still another mode of enabling C8 to function in
providing a reference potential representative of the
actual ground speed of the craft or vehicle at any time
may comprise suitable transducer means, as for exam-
" ple a potentiometric accelerometer, operating to intro-
duce a current flow into.the discharge circuit for C8
representative of the rate of change of craft ground
speed at any instant.

It will be understood that the bias network R16,
CR19, R40 and emitter resistor R37 set the quiescent
collector current for Q15 to allow the reference poten-
tial on C8 to decrease at a rate equivalent to the maxi-
mum permissible wheel deceleration rate for the partic-
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ular vehicle. As is evident from the drawings, the rate
control feedback loops provide feedback currents pro-
portional to the brake control signals produced by the
respective driver units, such as unit 60. The sum of
these several feedback currents is a function of the
total instantaneous change of braking effort from that
required to produce maximum permissible decclera-
tion under ideal conditions and therefore simulates the
change of actual ground speed under existing runway
conditions.

‘Returning now to the noted error signals created at
J21 and J22 by the unbalance of Q3-Q4, it will be un-

_derstood that both.the PBM and the transient wheel

speed error signals apparent respectively at Q8 and Q5
are proportional to the “velocity error,” i.e., to the dis-
parity between the reference signal at C8 and the ve-
locity signal at J9. The transient or major error signal,
applied to Q5 from J22, is amplified by Q5 and pro-
vides relatively large brake control signals. For QS to
become active to initiate a brake controlling action, the
error signal from J22 must be sufficient to overcome
the departure threshold bias potential provided at the
emitter of Q5 by the voltage divider comprising R14
and R39. When that occurs, Q5 produces an output sig-
nal at J30 which is applied to the unity-gain amplifier
Q6-Q7 of driver unit 60. As will b¢ made evident be-
low, the output-signal of Q5 is summed at J20, J30 with
the output signal from PBM control unit 50 and these
combined signals are utilized to relax the wheel brake.

The PBM control circuit unit 50, comprising transis-
tor Q8, receives the positive-going minor error signal
from comparator unit 30. This signal drives Q8 toward
cutoff and, in doing so, causes the voltage drop across
R42 to fall, thereby bringing the potential at J34 more
negative and causing Q9 to conduct as soon as the R42
voltage drop falls below a departure threshold level de-
termined by the voltage division of R20, CR20 and
R44. A voltage clamp provided by R19, R43, and CR8
clamps the voltage drop developed across R20, which
in turn clamps the collector current of Q9 when the
error signal reaches a predetermined upper level.
When the voltage drop across R20 is intermediate the

. departure threshold level and the clamped potential
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level, the current conducted by Q9 is proportional to
the magnitude of the error signal. The current passed
by amplifier Q9 is integrated with respect to time by
PBM capacitor C10. '

As is made evident in FIG. 2b, Q17 is a constant-bias
transistor operating to provide a constant current dis-

charge path for capacitor C10. Thus Q17, in effect, - ~

provides a fixed negative going error voltage when it is
integrated by C10 along with the positive going error
signal from Q9 mentioned above. The resultant inte-
grated error voltage across C10 is coupled to driver
unit 60 by amplifiers Q16 and Q18, and is summed at
J20-J30 with the transient error signal provided by QS5.
The summed error signal, apparent at J30, is the input
signal to the unity gain ampllﬁer Q6-Q7 of driver umt
60.

The: output-of Q6—Q7 is connected to the valve via
CR23 and operates. brake control unit 80 to relax the
brake. This output is also connected through R53 to
junction J50 to contribute to the feedback controlling
the craft speed reference voltage at C8.

Under reasonably uniform runway conditions, there
is'a corresponding optimum deceleration for the vehi-
cle and a corresponding braking effort. For any opti-
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mum deceleration the PBM reference capacitor C10
remains steady with the discharge rate via Q17, R46
equaling the charging rate via Q9, R20. Any deviation
from this steady condition is the result of an increase
or a decrease in the error signal. The error signal is the
difference between the instantaneous wheel speed sig-
nal and the craft velocity reference signal. If the refer-
ence velocity deceleration is an accurate representa-
tion of the vehicle deceleration, then there is provided
an.accurate error signal for use in modifying the PBM
'signal and which in turn is an accurate measure of the
required relaxation of braking effort. Since the opti-
mum braking effort corresponds to an optimum decel-
eration of the vehicle, the PBM signal can be used to
accurately control the deceleration reference velocity
signal. In this manner there is provided a closed loop
between comparator unit 30, PBM control unit 50,
driver unit 60 and reference signal unit 40 establishing
optimum operating error velocity for the wheel for op-
timum braking effort and optimum slip.

If braking pressure increases sufficiently to reach or
pass the optimum slip point, the associated error volt-
age integrated at C10 rises. That voltage acting through
Q16-Q18 on driver unit 60 prolongs-brake relaxation
until equilibrium is attained. Under equilibrium condi-
tions, the error signal current from the collector of Q9
equals the constant current drain of Q17, C10 ceases
to charge, and the wheel slip is maintained at optimum
level for maximum effective braking.

Any change in the wheel runway conditions from
those: representing optimum braking conditions de-

creases the slip from the optimum value, and a corre-.

sponding change occurs in the integrated error voltage
across C10 until the resulting brake-control signal re-
stores the slip to its optimum value. Hence, for small
variations in wheel-track coefficient encountered dur-
ing intensive braking, the brake-control signal will seek
a constant level at or near the optimum level for most
effective braking. However, when large-scale differ-
ences in wheel-track coefficient are encountered, as on

. a runway having spots of ice, the transient error signal
is likely to predominate and brake control is derived
largely -via transient control amplifier Q5 to relieve
braking fast and to a greater extent.

It will be undeérstood that among the functions of cer-
tain components, not fully described above, are the fol-
lowing additional functions. Thus, diodes CR27 and
CR28 in the circuit containing junctions 120, J30, at
which the PBM and transient. control signals are
summed, provide temperature. compensation for the
base-emitter voltage drop of Q6 and coupling diodes
CR22, CR23, R17, R41 and CR7 provide a voltage
clamp to limit the maximum excursion of the brake
control signal voltage to prevent overdrive of the brake
relaxing control. It is also pointed out that diode CR7
is normally reversed biased until the base potential at
Q6 reaches a maximum value at which diode CR7 be-
comes forward biased and limits excessive increase of
the brake control signal.

BRAKE LOCKOUT DURING TO.UCHDOWN.

Positive means for assuring lockout -of the braking
during aircraft touchdown on a runway is assured by
the invention antiskid control by means of the circuit
including R49, CR16, Q13, R33, R34 and CR17 oper-
ating in conjunction with differential amplifier Q3-Q4.
The function of this circuit is to assure complete brake
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release prior to touchdown of the craft on the runway
and spin-up of the wheels. For this purpose there is pro-
vided a “‘squat” signal, this signal being supplied via a
*‘squat” switch closed so long as the aircraft is airborne,
and opening as the craft touches down on the runway.

A strong squat signal current is supplied through the
squat switch from a 28-volt supply and through R49
and flows in part through R33, R34 to ground. The sig-
nal thus produced at J48 is supplied directly to C9 to
charge this capacitor, and via CR17 to capacitor C8
and the base of differential amplifier Q4. The strong
signal applied to Q4 provides a strong continuous error
signal at J22 which, via transistor QS, and driver Q6,
Q7, produces a very strong brake signal to fully release
the brakes.

Following spin-up, the voltage drop across R30, R31
increases due to the generation of a wheel signal. The
resultant potential at R30, R31 causes Q13 to conduct,
thereby causing C9 to discharge via R33, Q13 and R32
and via a parallel path through R34. This also removes
the source of charge on C8 and the base of Q4 except
as provided' later via J9 by the spin-up of the wheel.
Thus, C9 quickly discharges causing Q17 to conduct
heavily thereby insuring the discharge of C10 and re-
ducing the PBM to zero.

Incident to landing, the squat switch opens, thereby
removing the source of potential at J44 and J48 and re-
turning full control to the potential at C8 as determined
by J9.

As is evident, prior to touchdown the brakes are held
fully relaxed and the PBM potential stored in-C10 is at
a maximum. As wheel spin-up occurs, this charge is dis-
sipated through Q17 via C9 in the manner just de-
scribed, allowing the brake control signal to decrease
to zero allowing the brake to apply rapidly but
smoothly.

The crossover circuit includes CR10 and RS of each
wheel circuit, These series connected components are
connected between the junction of the base of Q4 and
reference capacitor C8 of one wheel control circuit,
and the junction of R29, R30 of the other wheel control
circuit in the manner indicated in FIG. 24: So long as
both of the paired wheels are being braked ‘normally,
the rotational speed potentials are closely related and
CR10 of each crossover circuit is back biased by the
wheel speed signal of the respective wheel circuits
thereby decoupling the paired wheel speed potentials
of each wheel from the differential amplifiers Q3-Q4
of the other wheel. However, should the relative speeds
of the paired wheels differ by a preselected value, as 60
knots, the voltage drop across R30-R31 of the wheel
whose circuit is normal or which is at the higher veloc-
ity remains at a level substantially above the potential
at ]9 of the non-functioning or lower velocity wheel cir-
cuit. The resultant potential supplied by the properly
functioning circuit will therefore cause CR10 of the
non-functioning or low velocity speed sensing circuit to
conduct, supplying a potential at the base of Q4 much
higher than the potential at the base of Q3. As a result
the non-functioning circuit will exhibit a large unbal-
ance in the comparator amplifier and signals will be
generated to release the brake until such time as the
circuit regains a potential at J9 corresponding to nor-
mal wheel velocity. During this interval the properly
functioning circuit operates in a normal manner.

It will therefore be apparent that the paired wheel
crossover circuit serves additionally as a fail-safe con-
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trol to insure the brake release should the wheel speed
signal producing circuit fail either prior to or during a
braking run. In the event of such failure, the speed rep-
resentative potential at J9 of the nonfunctioning speed
potential generating circuit disappears and CR10 for

that wheel becomes forward biased from the properly -

functioning speed signal generating circuit. The differ-
ential amplifier circuits corresponding to the failed sig-
nal generating circuit then becomes strongly unbal-
anced and provide full brake relaxing signals by way of
the respective amplifiers. The strong brake releasing
signal for the wheel circuit of the wheel whose wheel
speed signal generating circuit is defective is supplied
from reference capacitor C8 of that wheel circuit. Pro-
vision is thereby made for preventing braking of a
wheel of a pair whén either its speed sensing’ circuit
fails to provide a wheel speed signal or its wheel locks

up.

COMPENSATION FOR HYDRAULIC SYSTEM
INERTIA

High speed-and accurate control of maximum effec-
tive braking under wide-range roadway conditions
using hydraulically actuated brakes necessitates provi-
sion for anticipating and compensating for factors of
hydraulic lag. Thus there is a time lag between a signal
calling for a change in the braking fluid pressure and
the time the desired change in breaking becomes effec-
tive, and irrespective of whether the change involves an
increase or a decrease in the fluid pressure. However,

" the two types of lag are substantially different in magni-
tude, that accompanying brake release being much less
than that associated with reapplication of braking.

To provide compensation for the foregoing, the in-
vention system provides a hydraulic lead simulator
comprising capacitors C13, C14, transistor Q19, diode
CR34 and resistors R61, R67. This circuit receives its
signal input potential from the value driver circuit at
the emitter of Q6. This signal is applied to the base of
Q19 and, if sufficiently high, renders Q19 conductive
to provide a rate current flow to charge capacitors C14.
This rate current flow increases the potential drop
across R12-CRS5 to provide a signal which is summed
at the base of QS with the initial transient control signal
from the differnetial amplifier to increase conduction
through QS5 to cause Q6-Q7 to produce an initial aug-
mented brake relaxing valve signal. This increased
valve signal expedites operation of the valve to relax
brake application and thereby increases the speed of
brake relaxation. As C14 charges, the current rate
through Q19 decreases and reduces the valve signal to-
ward that actually called for by the differential ampli-
fier.

The operation of the braking pressure recovery ac-
celerator or augmentor is more complex. This accelera-
tor as herein disclosed by way of example consists basi-
¢ally of transistors Q20, Q21, Q22, resistors R62, R63,
R64, capacitor C12 and diode CR29 and functions to
provide a pressure boost signal of a nature causing the
fluid pressure to rise in anticipation of further decrease
of the valve signal during recovery from low braking
pressure. To this end the recovery simulator functions
to effect expedited closure of the valve during wheel
spin-up thereby causing the brake cylinders to refill
more quickly and thereby reestablish braking pressure
at an accelerated pace. The increased fluid pressure is

20

30

35

40

45

50

55

60

65

14 \

sensed across valve driver transistor Q7 by an increase
of potential thereacross.

In operation, as the valve sxgnal rises toward full
brake release value, the voltage differential between
the emitter-collector of Q7 and representative of brake
fluid pressure, decreases substantially to zero. This dif-
ferential drop causes Q21, Q22 to cease conducting
and C12 to discharge through R62, Q7 and R63,
thereby simulating fluid dumping from the brake.
While this is occurring it will be understood Q22 is non-
conducting.

If the valve signal then decreases to initiate valve re-
covery and reapplication of the brake, the collector-
emitter voltage differential across Q7 increases and
C12 charges through R62, R63 and simulates com-
mencement of restoration of the fluid volume and pres-
sure in the brake components. During this period Q20
and Q21 remain cutoff until C12 is partially recharged,
but amplifier Q22 becomes conductive during the re-
charging period and produces a current flow through
R64 and R56. The increasing voltage drop across R§6
generates a simulated hydraulic error or lag compen-
sating signal, by reducing the emitter potential on Q18
thereby reducing the signal to valve-driver Q6-Q7, and
hastening cut-off of the driver and closure of the valve
and reapplication of the brake.

As C12 becomes fully charged to simulate comple-
tion of the recovery cycle and full volume in the brake
actuator, Q20 and Q21 become conductive and the
voltage drop across R63 falls to zero causing Q22 to
cease conducting. There is then no longer a drain from
Q18 emitter and -brake reapplication proceeds nor-
mally as the brake relaxation signal decays to zero. At
this time the hydraulic recovery simulator again func-
tions in the manner just described to compensate for
lag in restoring fluid pressure and volume.

It will be understood that the above described hy-
draulic lag or inertia compensating means are desirable
optional auxiliaries enhancing the performance of the
principal system, but are not necessary to the operabil-
ity of the principal system.

Examplary values of the circuit components shown in
FIGS. 2a and 2b are as follows:

TABLE 1
R4 470 ohms R34 9.1K
RS 5.1 K R3S 2.10K
R7 1 K R36 2.10K
RS 6.8 K R37 7.5K
R9 15 K R38 36K
R10 1.82K R39 60.4K
R11 1.82K R40 6.2K
R12 15K R41 3K
R13 34.8K R42 64.9K
R14 15K R43 2K
R15 200 ohms R44 28K
R16 150K R45 36K
R17 3.3K R46 110K
R18 15K R47 10K
R19 1.5K R48 15K
R20 15K R49 3K
R21 150K RS0 430K
R22 2K RSt 430K
R23 1.8K R52 430K
R24 47K RS53 430K
R2S 2.2K R54 6.8K
R26 4.3K RSS 1.3K
R27 43.2K RS6 15K
R28 130 ohms RS7 15K
R29 43.2 ohms R58 51 ohms
R30 4.3K RS9. 20K
R31 4.3K R60 47K
R32 56 ohms R61 47K
R33 15K R62 1.3K
R63 36K Q12 2N3134 CRYO IN64S
R64 82K Q13 2N1711  CR32 IN64S
Ré6S 51 ohms . Q14 2N171t CR33 G130
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R66 20K Q15 2N1711 CR34 IN645
R67 47K Ql6é 2N2605 CR3S IN645
Q17 2N1711  CR49 IN963B
C2 0.47mfd Q18 2N2605
c3 Smfd Q19 2N1711
C4 0.012mfd Q20 2N3134
Cs 2.7mfd Q21 2N3134
Ccé 0.22mfd Q22 2N1711
C7 22mfd
c8 100mfd
c9 22mfd CRS8 G130
C10 10mfd CR9 G130
C11 0.1mfd CR10 IN645
C12 47mfd CR11 IN645
Ci13 0.015mfd CR12 IN645
Ci14 2.2mfd CR13 IN645
i CR14 IN645
Q1 2N3134 CR15 IN645
Q2 2N1711 CRI16 IN963B
Q3 2N1711  CR17 In645
Q4 2Ni711  CR18 G130
Qs 2N2605 CR19 G130
Qé 2N1711 - CR20 IN645
Q7 2N3134.. CR21 IN961
Q8 2N2605 CR23 In965B
Q9 2N2605 CR27 IN645
Q10 2N1711  CR28 G130
Q11 2N1711. CR29 In645

SECOND PREFERRED EMBODIMENT

In FIGS. 3, 3a and 3b is depicted in-schematic dia-
gram form a modified circuit arrangement according to
the invention. Therein the power supply unit, the regu-
lator unit, the transducer unit and the squaring circuit
unit of the circuitry may be conventional and similar to
like units of the previously described circuitry, and are
accordingly shown in block-diagram form. The trans-
ducer unit produces an electric wave output whose fre-
quency is proportional to the assocaited wheel.

In FIGS. 3, 3a and 3b, the circuitry for and associated
with one wheel is shown in detail, while that for the op-
posite wheel of a pair is, for convenience and brevity,
shown in block diagram form. The purpose and object
of the modified circuit arrangement is to optimize to
the maximum extent possible the braking effectiveness
of the system. While the circuitry is, for reason of brev-
ity, here restricted to that for two wheels, one at either
side of the vehicle, it is evident that the system is
equally applicable to additional pairs of wheels.

As in usual braking systems, braking effort as evi-
denced by retardation of the vehicle is increased with
increasing application of brake pressure until a point-is
reached at which further application of pressure causes
excessive slip of the wheel tire tread relative to the sur-
face of the pavement, and the braking effort then de-
creases from a maximum value which is attained at the
optimum tire slip point. Referring to FIG. 4, the graph
shows variation of braking effort as break pressure is
increased. The curve is that resulting from plotting
braking effort as ordinates and brake pressure as ab-
scissae. A maximum is reached at point Q. The scale is
arbitrary, and depends, inter alia, upon coefficient of
friction, vehicle mass, and other variables. The maxi-
mum, at Q, defines the optimum tire slip point.

In accord with the principles of the invention as ex-
emplified in the system herein disclosed, optimum
braking is attained by application of increasing brake
pressure to a value M corresponding to that for point
Q in FIG. 4, and at that point seeking to change the ap-
plied brake pressure as may be required to maintain
braking effort at that point. It will be understood that
the shape of the curve varies as the nature of the pave-
ment surface varies, and hence the location of point Q
shifts both as to ordinate and as to abscissa. Thus, in a
hydraulic system, if the braking pressure has been in-
creased to a value at which slip increases beyond the
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optimum tire slip point value, the present system oper-

‘ates to reduce the applied pressure, and conversely,

when the slip decreases below the optimum tire slip
point value, the system acts to increase the applied
pressure. Thus the system first seeks the maximum per-
missible brake pressure and braking effort, and then
adjusts the pressure to maintain braking effort at the
optimum tire slip point.

The first of the two actions noted, that is, seeking the
maximum permissible pressure, is accomplished by the
pressure bias modulation or PBM portion of the cir-

cuitry. That circuit action may be represented by the

equation:
e,=K [ (e, — &) dt

)
where ¢, is herein termed. the control circuit velocity
error signal, e, is a fixed threshold signal level, e, is the
value of the voltage applied to the valve coil, and K is
a constant.

From equation [ it is evident that the valve signal will
increase when e;—¢, is greater than zero, and the rate of
the increase is proportional to thé magnitude of the dif-
ference. Conversely, the valve signal will decrease, and
thereby permit the brake pressure to increase, when
e;—e, is less than zero, and again the rate of increase of
pressure is proportional to the magnitude of the indi-
cated difference. It is also evident that when e,—¢, the
valve voltage or signal will be constant and will neither
rise nor fall, and the brake pressure will be constant.
The parameters of e, and ¢, are indicated in FIG. 4. The
following equation identifies the relation between mea-
sured aircraft velocity v,, measured wheel velocity v,
and e,, viz:

=K (v, —v,)

(n
noting that ¢, is a measure of the slip velocity. Any time
the slip error exceeds ¢,, the signal to the integrating
section of the circuit is positive and, when integrated,
causes reduction of the applied brake pressure by initi-
ating valve action: Conversely, any time the slip error
is less than e, the error signal is negative and permits the
applied pressure to increase under the action of the
brake pedal.

Thus it is evident that if e, is made to always corre-
spond to the peak of the apphed force/brakmg effort
curve shown in FIG. 4, and e, is in fact true slip be-
tween tire and pavement, then the system will reduce
applied pressure whenever the slip exceeds the peak
value indicated at point Q, thereby reducing the brake
torque and allowing the wheel to accelerate and the slip
value to increase back to the peak value where the ap-
plied pressure becomes steady. If as a result of the pres-
sure reduction the brake torque is reduced excessively,
the slip will again be less than optimum, with a value
somewhere along the left limb of the graph curve, the
wheel speed or velocity error signal to the integrator
will be negative, and braking pressure will again be al-
lowed to increase with resultant increase of slip to the
maximum value at e,.

The preceding operations are based upon the as-
sumption that e, is such as to coincide with the ordinate
through the maximum braking effort or optimum slip
point Q. The circuitry permits ¢, to adjust to the value
corresponding to that ordinate.
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Considering equation II, it is noted that even if the

actual aircraft velocity, v,., were known, at what value
the threshold e, should be set to result in optimum slip
would still be not known. The peak of the curve could
be at (v, — v,) = 6 feet per second, or 8 feet per sec-
ond, or other value. A set value for ¢, could be chosen
and some measure of braking efficiency attained if the
measured values of aircraft and wheel velocities v, and
v, were used, but the efficiency would be conjectural
and intermediate. And although it is possible to mea-
sure velocity of a wheel, as distinguished from rota-
tional speed, it is not feasible to measure two wheels,
one braked and one not braked, with sufficient accu-
racy to determine the slip velocity with the desired pre-
cision.

Considering again FIG. 4, although the actual loca-
tion of point Q; that is,.the peak of the curve, is not
known, it is nevertheless evident that the vehicle decel-
eration will be a maximum when the optimum wheel
slip is at the peak value. Hence, if the rate of vehicle de-
celeration is known, and is brought to a maximum, the
peak value of braking effort has been attained. Consid-
ering the equations of motion applicable to the wheel
and the vehicle, the following are set down:

m dVl/dt = F[, + Fg - Fd'

i
and

M dvyldt = F,— Fy

vy,

wherein:

m = mass equivalent of the wheel

M = mass of the vehicle

Fy= brake equivalent force

F= horizontal ground reaction force

F,/~ summation of the other drag forces on vehicle

vi= wheel velocity

vy= vehicle velocity

F,/= component of Fd acting on the wheel

If, then, by choice, F, =0, F,=0, '

Fdl= m F(I/M,
then
m dv/dt = —F, + F,— Fym/M

V)

M dvyldt = —F, — Fq

n

Considering the case wherein braking effort F, is
such as to maintain the tire so that the ground reaction
force is a maximum, which is not the case when F,=F,,
where F,, is the maximum value of F,, it is noted that:

dvoldt = —F /M = Fy/M

But dv,/dt = dv,/dt since the tire and the vehicle de-
celerate at the same rate. Hence, from (V) and (VI):

(—FoplM — Fg/M) = Fy/m + Fy,lm — F4/M, or
—FoulM — Fo/M = — Fy/m + Fgy/m — Fo/M, and
~F /M =—F,Jm + Fy,/m, or
Fop (1/M + 1/M) = Fy/m and
Fo=M+m/( M) F,,
8% 1))
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Equation (VII) shows that the brake force F), must be
slightly greater than F,m for attainment of optimum de-
celeration of the vehicle. Note however that the unbal-
ance force due to braking of the wheel is —F, + F, so
the magnitude of unbalance force that must be con-
trolled by the control system is F,b=F, + F, where F,b
is the braking unbalance force. Hence at the mentioned
peak,

Fb=—M+m( m Fg) + F,,
= (1— M+m/m) F,,
= (m/M)F,

Hence, the unbalance force which must be controlled
by the control system is equal to the ground reaction
force multiplied by the ratio of the mass equivalent of
the wheel to the mass of the vehicle. For typical aircraft

the masses and the relation to the ground reaction
force F, are as follows:

Aircraft Type Aircraft Mass Wheel Mass % F,
16 wheels 21200 slugs 6 slugs 0.03
8 wheels 7300 slugs 6 slugs 0.08
4 wheels 3000 slugs 6 slugs 0.2

Thus it is evident that the control circuit must effect ex-
tremely precise control to hold the braking at the opti-
mum wheel slip value at the peak of the curve (FIG. 4).
. The actual wheel velocity cannot conveniently be ac-
curately measured, and hence the relative slip between
the tire and the pavement cannot be accurately com-
puted. However, referring to equations (III) and (1V),
supra, it is noted that the derivative of the vehicle ve-
locity is related to the wheel velocity as indicated in the
following equations, in which v= slip velocity:

dvy/dt — dv,/dt = dv,/dt , and
(dvo/dt — dv,)/dt + dv,/dt = dv,/dt , and
dvg/dt + dv,/dt = dv,/dt

Hence, if ‘the slip velocity is known and differentiétéd
and summed with the derivative of the wheel velocity,
the result is the rate of change of velocity of the vehi-
cle. ' '

"The circuitry depicted in schematic form and herein-

.after described in some detail measures wheel velocity.

Prior to application of brakes, the maximum value of
wheel velocity is the vehicle velocity. That initial value
of ‘aircraft velocity is used to measure instantaneous
slip velocity, that is, the difference between vehicle ve-
locity and wheel velocity. As is dictated by the forego-
ing analysis, the derivative of the slip velocity signal is
determined, and added to the derivative of the wheel
velocity signal to give a signal representative of the rate
of change of vehicle velocity, which latter signal is used
to modify the computed vehicle velocity signal. The lat-
ter modified vehicle velocity signal is at any instant the |
“reference velocity” signal in the circuit, from which
signal the slip velocity may be continuously computed.
The depicted circuitry requires that the reference ve-
locity decelerate or decrease at the maximum rate al-
lowable for the runway pavement bearing the vehicle.
Hence an error between the reference velocity-and the
measured wheel velocity will occur only when the
wheel decelerates more rapidly than the vehicle. Thus
an error signal is produced by the circuitry only when
maximum deceleration occurs, and hence an error is
measured only when the system is braking the wheel at
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the optimum slip value, that is when the operation is at
the peak of the braking effort versus slip curve. v

"~ From the foregoing it will be recognized that if the
wheel velocity signal and the reference signal are coin-
cident, there is no error signal, and therefore the brake
unbalance forces on the wheel are at zero value. The
wheel is then decelerating only as a result of drag forces
at other wheels and/or aerodynamic drag and thrust re-
verse forces. Referring to FIG. 4, the lack of an error
signal will result in decrease of brake valve signal and
consequent increase of braking pressure and braking
effort. That increases deceleration of the wheel, and as
wheel deceleration rises above vehicle deceleration the
error signal increases and the rate of increase of brake
pressure is reduced. Thus the system continuously
seeks to keep the braking effort at the peak of the curve
and to maintain vehicle deceleration at maximum
value. The slip velocity threshold ¢, in FIG. 4, is incor-
porated in the system to demand an error signal such
that the control loop continuously seeks the maximum
braking effort.

The modified system depicted in FIGS. 3, 3a and 3b
is shown in more abbreviated form as a functional
block diagram in FIG. 5. The power supply and regula-
tor unit 101 supplies closely regulated d.c. power of,
for example +15 volts and +4 volts to the B+ lead and
to the transducer and B+2 and sensor-return leads as
shown in FIG. 3. The transducer 103 at, for example,
wheel 1 produces an output wave signal as indicated in
FIG. 3 which signal is shaped and limited by the wave
squaring circuit 105 into a square wave the frequency
of which is proportional to the rotational speed of the
wheel. The constant- amplitude square wave output of
the squaring circuit is transmitted to the velocity-to-
d.c.-converter 107 whose function is to convert the
variable-frequency square wave received from circuit
105 into a d.c. voltage signal whose amplitude is pro-
portional to the frequency of the square wave and
hence to the rotational speed of the wheel.

The d.c. signal produced by converter 107 is trans-
mitted to each of units 109 and 111. The latter unit,
comprising operational amplifier, hereinafter desig-
nated op-amp, units A6 and A6’ of the circuitry in
FIG. 3, functions to determine the rate of change of ref-
erence velocity based upon wheel velocity change and
mass-ratio of the vehicle to wheel. It acts to differenti-
ate the low-frequency component of the incoming sig-
nal to provide a measure of rate of change of velocity.
The output signal from unit 111 is transmitted to veloc-
ity reference signal unit 113 which establishes a mea-
sure of instant vehicle velocity from the initial velocity
and the instant signal from unit 111. The initial velocity
is that represented by the signal immediately prior to
braking.

The output signal from unit 113, representative of in-
stant vehicle velocity is fed back to unit 111 as indi-
cated by the heavy line from the output of op amp 45
to the input of op amp A6 in FIGS. 3 and 3¢, and is also
supplied to the velocity comparator unit 109. Unit 109
functions to compare the wheel velocity as represented
by the wheel speed signal produced by unit 107, with
the simulated vehicle velocity represented by the out-
put signal of unit 113, and to produce an output signal
which is the previously mentioned velocity error volt-
age or signal.

The latter signal is supplied to the op amp A8 of FIG.
3a by way of the heavy line signal path joining the out-
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put of op amp A4 (FIG. 3) and the.positive signal input
terminal of A8. Op amp A8 is comprised in the afore-
mentioned summing circuit which is included in the
summing amplifier and transient control unit 115, The
velocity error signal is also transmitted to op amp A7
(FIG. 3) of the PBM control circuit comprised in PBM
control unit 117. The latter unit integrates error signal
up to a limiting level, to provide pulse bias modulation
control voltage signal effective to accommodate mild
error signal levels to provide moderate braking correc-
tion. The output of unit 117 is applied to the negative
signal input terminal of op amp A8 of the summing am-
plifier.

The summing amplifier and transient control unit
115 provides an output signal that is transmitted to the
valve driver amplifier unit 119 which comprises transis-
tors Q1, Q2 and Q3 (FIGS. 32 and 3b). As will be ex-
plained in connection with the description of the cir-
cuitry depicted, unit 119 provides current to the coil of
the servo valve unit 121 in inverse proportion to the re-
quired brake pressure reduction. Thus the greater the
current supplied, the more brake pressure is relieved or
relaxed.

The two wheels of a pair, here denoted whee! 1 and
wheel 2, and each of which is on a side of the vehicle
opposite the other, are provided with substantially
identical circuits, that for wheel 2 being condensed in
FIGS. 3, 3a and 3b to block diagram form except as is
hereinafter noted: Description of details will thus
largely be restricted to the circuitry associated with
wheel 1 only.

Referring now to the detailed circuitry schematically
portrayed in FIGS. 3, 3a and 3b, the units denoted 101,
103 and 105 are or may be like the units of the first em-
bodiment herein described, or may be of other suitable
construction. Preferably, unit 105 comprises means to
attenuate any high frequency voltage which may be

" present as electrical noise in the transducer or sensor
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leads. The output of the squaring circuit may be, for ex-
ample, clamped at 8 volts on the negative- gomg portion
of the cycle, with the square wave 81gnal going to zero
volts during the positive half-waves of the transducer
signal.

The input circuitry connected to the signal input ter-
minals of op amp A3is a frequency-doubling discrimi-
nator circuit. Capacitor C1 charges and discharges al-
ternately with successive half-cycles of the input signal
square wave. A resultant charge transfer takes place
between capacitors C2, C3 and C4, causing the voltage
at the R2-C3 junction to increase with frequency, and
that at the R1-C2 junction to decrease with frequency
of the square wave. The output network R5-CR4 and
R7-CRS provides a low speed drop out clamp for the
converter output, preventing any output at speeds
below a selected speed, so that low speed ground move-
ments such as taxiing and turning are not affected by
the control system.

The velocity comparator unit 109 comprises a differ-
ential op amp A4 that is effective to compare the ana-
log wheel speed voltage at the inverting input terminal
with the velocity reference voltage of the output signal
of unit 113. The difference between the two signals is
amplified and transmitted as the comparator output
signal. The output of the comparator circuit drives the
PBM and transient control loops, presently to be de-
scribed, with a positive-going potential for a negative-
going wheel speed signal.
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The circuit of the velocity reference unit 113 com-
prises an operational integrator whose output signal is
equivalent to the instant velocity of the vehicle. The
R13-CR9 net provides a unilateral feedback which
forces the output signal of the velocity reference unit
to track the wheel speed voltage to initial condition at
spin up of the wheel. The noted net is driven by the
comparator output during spin up. the comparator out-
put is driven negatively at wheel spin up, which action
draws current out of the inverting input of A5, forcing
the output positive until the two inputs to the compara-
tor balance. When the input signals become balanced
the comparator output returns to its quiescént level,
preventing any further increase of the velocity refer-
ence voltage. The resistor R12, by injecting more cur-
rent into the input of op amp AS, aids in simulating
aerodynamic drag.

The driving function or signal for the velocity refer-
ence, during braking is derived from the deceleration

reference control unit 111, via the connection repre-

sented by the heavy black line from the output of op
amp A6’ to the negative input terminal ofAS.

The output voltage of unit 113 in terms of input drive
current is expressed mathematically by

V= 1/C; I iy dt,

in which Vg is output potential, C; is the capacitance of
C7 and i,y is the input current. The input current is pro-
portional to the drag force acting on the vehicle; and
the capacitance is an analog of aircraft mass.

The deceleration reference control unit 111 circuitry
is a self-adaptive drive for the velocity reference unit

22

"The output of the velocity comparator unit 109 and
representing the transient control signal, and the out-
put of the PBM control unit 117 and representing the
normal control signal, are applied as inputs to the sum-
ming op amp A8 of the summing amplifier and tran-
sient control unit 115 for summation for control of the
valve driver unit 119. The PBM signal is applied to in-

- verting input of A8 through resistor R29, and the tran-
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113. The output at junction J6' carrying the output of

op amp A6’ of unit 111 is proportional to the average
deceleration of the vehicle as derived from the wheel
speed signal. The unit functions as a low pass differenti-
ator which operates on the wheel speed signal that ap-
pears at junction J3 in the output circuit of op amp A3
and is applied to the positive input terminal of op amp
A6. The output of the deceleration reference control
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unit 111 is the derivative of the slowly changing com- -

ponents of the wheel speed signal voltage, the higher
frequency components being attenuated. Thus, since
the slowly changing component of the wheel speed sig-
nal is due to vehicle deceleration, the output signal of
unit 111 is proportional to the vehicle decelerating
drag forces.

The PBM control unit 117 is the principal controlling
means for effecting normal brake pressure correction.
The driving input to the unit is the velocity error signal
voltage from op amp A4 of the velocity comparator
unit 109, that signal being transmitted via, heavy line
lead 04 (FIG. 3) from the output of A4 to the negative
input signal terminal of op amp A7 of the PBM control
unit. Op amp A7, in conjunction with capacitor C15
and resistors R24, R25, provides an operational inte-
grator that integrates the velocity error signal from A4,
to provide a smooth control voltage. The divider net-
work comprising resistors R26, R27 and R28 provides
a velocity departure threshold for PBM control; by
summation of the signals at the inverting input terminal
of op amp A7. Current flow through resistor R26 is
away from the inverting input line; however the current
from the velocity error signal line 04 through resistor
R24, R25 is toward the inverting input, and hence the
two currents are subtractive.

45

50

sient control signal is applied to the non-inverting sig-
nal input terminal of op amp A8 as shown. The tran-
sient control error signal threshold is established by a
divider network comprising resistors R32 and R31 and
rectifier CR19. The error signal threshold is such that
the transient control component does not affect the
valve driver unit and control valve until the velocity
error output signal of comparator unit 109 op amp A4
exceeds alevel equivalent to a greater than normal rate
of wheel deceleration. When that threshold value is ex-
ceeded, rectifier CR19’ conducts and the conducted
signal drives the non-inverting input of op amp A8
through resistor R35. The PBM control ‘signal is the
time integral of the velocity error signal from the veloc-
ity comparator unit 109, and the transient control sig-
nal is the velocity error signal amplified. v

The output of the summing amplifier and transient
control unit 115 is supplied to the valve driver unit 119,
The latter unit comprises a control transistor Q1 and
first and second current transistors Q2 and Q3 whose
currents are used to energize the coil of a servo valve
such as the primary valve of the previously described
system. Maximum valve current is clamped by a divider
network including resistors R38 and R38' and rectifier
CR20. When the input voltage at the output of op amp
A8 increases to the point at which diode CR20’ con-
ducts, diode CR20 shuts off, and base drive to transis-
tor Q1 is thus clamped to limit the maximum valve
drive current.

In the circuitry shown, capacitor C17 connected to
junction J6’ (FIG. 3a) and to the non-inverting input
terminal of op amp A8 is termed a lead capacitor; and
capacitor C17’, connected between the input terminal
and ground is termed a lag capacitor.

In the event the wheel circuit for either wheel fails,
a fajlure signat (not shown) is energized in known man-
ner. Thereupon the operator or pilot of the vehicle may
optionally operate a switch S schematically depicted in
FIG. 3b, whereby the valve units 121 for wheel 1 and
121’ for wheel 2 are disconnected from their respective
valve driver units 119 and 119’, respectively, and con-
currently the output of op amp A8 of the remaining op-
erative wheel circuit is connected by one or the other
of diodes CR21 and CR21’ to the input terminal of a
paired valve driver unit 123 which is common to the
two wheels of the pair and which unit comprises a sec-
ond valve device and connections thereto whereby the
wheel circuit remaining active controls the brake-
relieving of the brakes of both of the wheels.

In the valves 121 and 121’, lapping of ports and pas-
sages is relied upon to provide some alleviation of hy-
draulic lag in the braking system.

The exemplary circuitry of FIGS. 3, 3a and 3b
comprises circuit elements the significant values or
characteristics of which are made evident in the follow--
ing Table II. An outstanding difference between the
modified embodiment of the invention and that illus-
trated in FIGS. 1, 24 and 2b is that in the latter the ve-
locity reference is produced from signals emanating
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from all of the wheel circuits whereas in the modified
form each wheel circuit produces its own individual ve-

locity reference. In the modified form the concept of

the ratio of mass of vehicle tc mass of wheel is novel.
Thus, as is indicated by the mathematical analysis
herein, the values of certain circuit components de-
pend upon the vehicle to wheel mass ratio.

TABLE I

C1 0.0imfd R’ . 38.3K ohms * CR1 IN645
Cc2 6.8mfd R1 1K ohms CR2 "
c3 6.8mfd R2 1K ohms CR3 -
C4q 100pfd R3 2K ohms CR4 "
(of 0.10mfd R4 38.3K ohms CRS "
(of 100pfd RS 3.9K ohms CR6 -
c7 10mfd R6 200K ohms CR7 "
c8 100pfd R7 : 1.5K ohms CR8 “
c9 0.47mfd RS 75K ohms CR9 “
C10 100pfd R9 301K ohms CR10 -
C11 10mfd R10 51.1K ohms CR11 '
c12’ 10mfd R11 51K ohms CR12 “
C13 2.2mfd R12 Imegohm CR13 “
C1l4 100pfd R13 . 4.3K ohms CR14 “
C1s 2.2mfd R14 20K ohms CR1S “
Cl6 100pfd R1S 200K ohms CR16 “
c17 0.033mfd R16 20K ohms CR17 v
C17’ 0.022mfd .
C18 100pfd R17 200K ohms CR18 b
C19 110pfd R18 187.3K ohms CR19 -
A3 809CE R19 Imegohm CR19’' ©
A4 809CE R20 200K ohms CR20 "
AS 809CE R21 9.09K ohms CR21 o
Aé6 809CE R22 100K ohms " CR21’ “
A7 809CE R23 100K ohms CR22 “
A8 809CE R23’ 1.24K ohms CR23  +
Q1 2 N930 R24 1.24K ohms CR24 “
Q2 2N2605 R25 2.26K ohms CR25 “
Q3 2N1893 R26 130K ohms CR26 “

R27 2.67K ohms CR27 “

R28 24.3K ohms

R29 127K ohms

R30 562K ohms

R31 10K ohms

R32 2K ohms

R33 93K ohms

R34 49 9K ohms

R3S 178K ohms

R36 150K ohms

R37 45.3K ohms

R38 3.65K ohms

R38’ 4.22K ohms

R39 110K ochms

R39’ 3.9K ohms

R41 3.01K ohms

R42 ~ 3.01K ohms

R43 130K ohms

R44 1K ohms

R45 51.1K ohms

R46 130ohms

R47 51.1K ohms

R48 4320hms

5

10

15

20

25

30

35

40

45

While the particular braking control system for air- -

craft, vehicles and the like, herein shown and disclosed
in detail is fully capable of attaining the objects and
providing the advantages hereinbefore stated, it is to be
understood that it is merely illustrative of the presently
preferred embodiments of the invention.

I CLAIM:

1. In a braking control system for a vehicle having a
plurality of wheels having controlled brake application
means, the combination for each one of said wheels
comprising:

analog means responsive to rotation of said one

wheel for producing a wheel-speed signal that is a
function of the rotational speed of said one wheel;
simulator means supplied with information from said
wheel-speed signal for producing a variable refer-
ence signal simulating vehicle speed without direct
vehicle accelerative measurement, said simulator
means utilizing wheel-speed information obtained
solely from said one wheel so as to avoid error-
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inducing introduction of wheel -speed information
from other wheels;

comparator means supplied with said wheel-speed
signal and with said variable reference signal for
comparing said wheel-speed signal with said vari-
able reference signal to provide a slip error signal
that is a function of the difference between said
wheel-speed signal and said variable reference sig-
nal; and

control means responsive to said slip error signal for
producing a brake control signal for modifying the
action of said brake application means.

2. The invention defined in claim I wherein said sim-

ulator means comprises:

means for establishing an initial variable reference
signal value derived from maximum speed attained
during wheel acceleration;

means for producing a force-analog signal indicative
of the drag forces acting on said vehicle; and

means for reducing said variable reference signal as
a function of said force-analog signal.

3. The invention defined in claim 1 wherein said sim-

ulator means comprises:

means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;

means for effecting decay of said variable reference
signal at a predetermined rate; and »

means responsive to said-brake control signal for
modifying the rate of decay of said variable refer-
ence signal.

4. The invention defined in claim 1 wherein said sim-

ulator means comprises:

means responsive to said wheel-speed signal to estab-
lish an initial variable reference signal value de-
rived from maximum wheel speed attained during
wheel acceleration;

means responsive to said wheel-speed signal to pro-
duce a reference deceleration signal representative
of average vehicle deceleration; and

means for reducing said variable reference signal as
a function of said reference deceleration signal.

5. The invention defined in claim 1 wherein said sim-

ulator means comprises:

means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;

means for producing a force-analog signal which var-
ies as a function of the first derivative with respect
to time of the low frequency content of said wheel
speed signal; and

means for reducing said variable reference signal as
a function of said force-analog signal.

6. The invention defined in claim 1 wherein said sim-

ulator means comprises:

means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;

means for producing a force-analog signal which var-
ies as a function of the first derivative with respect
to time of the low frequency content of said wheel
speed signal as indicative of the drag forces acting
on said vehicle; and

means responsive to said force-analog signal for
forming a time integral function of said force-
analog signal and reducing said variable reference
signal in accordance therewith.
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7. The invention defined in claim 1 wherein said sim-
ulator means comprises:

means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;

means for producing a force-analog signal which var-
ies as a function of the first derivative with respect
to the difference between said wheel-speed signal
and said variable reference signal; and

means for reducing said variable reference signal as
a function of said force-analog signal,

8. The invention defined in claim 1 wherein said sim-

ulator means comprises:

means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;

means for producing a force-analog signal which var-
ies as a function of the first derivative with respect
to time of the difference between said wheel-speed
signal and said variable reference signal; and

means responsive to said force-analog signal for
forming a time integral function of said force-
analog signal and reducing said variable reference
signal in accordance therewith.

9. The invention defined in claim 1 wherein sald sim-

ulator means comprises:"
means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;
means for producing a force-analog signal which var-
ies as a function of the first derivative with respect
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to time of the low frequency content of the differ-

ence between said wheel-speed signal and said vari-
~ able reference signal; and
means for reducing said variable reference signal as
a function of said force-analog signal.
10. The invention defined in claim 1 wherem said
simulator means comprises:
means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;
means for producing a force-analog signal which var-
ies as a function of the first derivative with respect
to time of the low frequency content of the differ-
ence between said wheel-speed signal and said vari-
able reference signal; and
mass-analog means responsive to said force- analog
signal for forming a time integral function of said
force-analog signal in analog relation to vehicle
mass and reducing said variable reference signal in
accordance therewith.

11. The invention defined in claim 1 wherein said

control means comprises:

means responsive to said error signal for producing
a first brake control signal which is a time integral
function of said slip error signal and for producing
a second brake control signal which is a non-
integral function of said slip error signal; and

means responsive to said first and second brake con-
trol signals for effecting said modification of the ac-
tion of said brake application means.

12. The invention defined in claim 1 wherein said
control means includes means for producing a brake
control signal when said slip error signal exceeds a pre-
determined threshold level, said brake control signal
being a time integral function of both positive and neg-
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ative variation of said slip error signal from said thresh-

‘old level.

13. In a braking control system for a vehicle having
a plurality of wheels having controlled brake applica-
tion means, the combination for each one of said
wheels comprising:
analog means responsive to rotation of said one
wheel for producing a wheel-speed signal that is a
function of the rotational speed of said one wheel;
reference. generating means supplied with informa-
tion from said wheel-speed signal for producing a
variable reference signal without direct vehicle ac-
celerative measurement, said reference generating
means utilizing wheel-speed information obtained
solely from said one wheel so as to avoid error-
inducing introduction of wheel-speed information
from other wheels;
comparator means supplied with said wheel-speed
signal and with said variable reference signal for
comparing said wheel-speed signal with said vari-
able reference signal to provide an error signal that
is a function of the difference between said wheel-
speed signal and said variable reference signal; and
control means responsive to said error signal for pro-
ducing a brake control signal for modifying the ac-
tion of said brake application means.
14. The invention defined in claim 13 wherein said
reference generating means comprises:
means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;
means for producing a reference control signal which
varies as a first derivative function of said wheel
speed signal; and
means’for reducing said variable reference signal as
"a function of said reference control signal.
15. The invention defined in claim 13 wherein said
reference generating means comprises:
means for establishing an initial variable reference
value derived from maximum wheel speed attained
during wheel acceleration;
means for producing a reference control signal which
varies as a low frequency. first derivative function
of said wheel speed signal; and
means for reducing 'said variable reference signal as
a function of said refefence control signal.
16. The invention defined in claim 13 wherein said
reference generating means comprises:
means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;
means for producing a reference control signal which
varies as a first derivative function of said wheel
speed signal; and '
means responsive to said reference control signal for
forming a time integral function of said reference
control signal and reducing said variable reference
signal in accordance therewith.
17. The invention defined in claim 13 wherein said
reference generating means comprises:
means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;
means for producing a reference control signal which
varies as a low frequency first derivative function
of the said wheel speed signal; and
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means responsive to said reference control signal for
forming a time integral function of said reference
control signal and reducing said variable reference
signal in accordance therewith,
18. The invention defined in claim 13 wherein said
reference generating means comprises:
means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;
means for producing a reference control signal which
varies as a first derivative function of the difference
between said wheel-speed signal and said variable
reference signal; and :
means for reducing said variable reference signal as
a function of said reference control signal.
19. The invention defined in claim 13 wherein said
reference generating means comprises:
means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;
means for producing a reference control signal which
varies as a first derivative function of the difference
between said wheel-speed signal and said variable
reference signal; and
means responsive to said reference control signal for
forming a time integral function of said reference
control signal and reducing said variable reference
signal in accordance therewith.
20. The invention defined in claim 13 wherein said
reference generating means comprises:
means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;
means for producing a reference control signal which
varies as a low frequency first derivative function
of the difference between said wheel-speed signal
and said variable reference signal; and
means for reducing said variable reference signal as
a function of said reference control signal.
21. The invention defined in claim 13 wherein said
reference generating means comprises:
means for establishing an initial variable reference
signal value derived from maximum wheel speed
attained during wheel acceleration;
means for producing a reference control signal which
varies as a low frequency first derivative function
of the difference between said wheel-speed signal
and said variable reference signal; and
means responsive to said reference control signal for
forming a time integral function of said reference
control signal and reducing said variable reference
signal in accordance therewith.

22. The invention defined in claim 13 wherein said

control means comprises:

means responsive to said error signal for producing
a first brake control signal which is a time integral
function of said error signal and for producing a
second brake control signal which is a non-integral
function of said error signal; and

means responsive to said first and second brake con-
trol signals for effecting said modification of the ac-
tion of said brake application means.

23. The invention defined in claim 13 wherein said
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termined threshold level, said brake control signal
being a time integral function of both positive and neg-
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ative variation of said error signal from said threshold
level.

24. A system for modifying the action of the brake
application means for a wheel of a vehicle, comprising;

analog means responsive to rotation of said wheel for

producing a wheel-speed signal that is a function of
the rotational speed of said wheel;
simulator means supplied with information from said
wheel-speed signal for producing a variable refer-
ence signal simulating vehicle speed without direct
vehicle accelerative measurement, said simulator
means comprising means for establishing an initial
variable reference signal value derived from maxi-
mum wheel speed attained during wheel accelera-
tion, means for producing a force-analog signal
which varies as a function of the first derivative
with respect to time of the low frequency content
of said wheel speed signal, and means for reducing
said variable reference signal as a function of said
force-analog signal;
comparator means supplied with said wheel-speed
. signal and with said variable reference signal for
comparing said wheel-speed signal with said vari-
able reference signal to provide a slip error signal
that is a function of the difference between said
wheel-speed signal and said variable reference sig-
nal; and '

control means responsive to said slip error signal for
producing a brake control signal for modifying the
action of said brake application means.

25. The invention defined in claim 24 wherein said
means for reducing said variable reference signal as a
function of said force analog signal comprises means
responsive to said force analog signal for forming a .
time integral function of said force-analog signal and
reducing said variable reference signal in accordance
therewith.

26. A braking system for modifying the action of the
brake application means for a wheel of a vehicle com-
prising: :

analog means responsive to rotation of said wheel for

producing a wheel-speed signal that is a function of
the rotational speed of one wheel;
simulator means supplied with information from said
wheel-speed signal for producing a variable refer-
ence signal simulating vehicle speed without direct
vehicle accelerative measurement, said simulator
‘means comprising means for establishing an initial
variable reference signal value derived from maxi-
mum- wheel speed attained during wheel accelera-
tion, means for producing a force-analog signal
which varies as a function of the first derivative
with respect to time of the difference between said
wheel-speed signal and said variable reference sig-
nal, and means for reducing said variable reference
signal as a function of said force-analog signal;

comparator means supplied with said wheel-speed
signal and with said variable reference signal for
comparing said wheel-speed signal with said vari-
able reference signal to provide a slip error signal
that is a function of the difference between said
wheel-speed signal and said variable reference sig-
nal; and

control means responsive to said slip error signal for

producing a brake control signal for modifying the
action of said brake application means.
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27. The invention defined in claim 26 wherein said
means for reducing said variable reference signal as a
function of said force analog signal comprises means
responsive to said force analog signal for forming a
time integral function of said force-analog signal and
reducing said force analog signal in accordance’ there-
with. ’

28. A system for modifying the action of the brake -

application means for a wheel of a vehicle comprising:

analog means responsive to rotation of said wheel for

producing a wheel-speed signal that is a function of
the rotational speed of said wheel;

51mulator means supplied with information from said

wheel-speed signal for producing a variable refer-
ence signal simulating vehicle speed, said simulator
means comprising means for establishing an initial
variable reference signal value derived from maxi-
mum whee! speed attained during wheel accelera-
tion, means for producing a force-analog signal
which varies as a function of the first derivative
with respect to time of the low frequency content
of the difference between said wheel-speed signal
and said variable referénce signal, and means for
reducing said variable reference signal as a func-
tion of said force-analog signal,

comparator means supplied with said wheel-speed

signal and with said variable reference signal for
comparing said wheel-speed signal with said vari-
able reference signal to provide a slip error signal
that is a function of the difference between said
wheel-speed signal and said varlab]e reference sig-
nal; and

control means responsive to said slip error signal for

producing a brake control signal for modifying the
action of said brake application means.

29. The invention defined in claim 28 wherein said
means for reducing said variable reference signal as a
function of said force analog signal comprises mass-
analog means responsive to said force analog signal for
forming a time integral function of said force-analog
signal in analog relation to vehicle means and reducing
said variable reference signal in accordance therewith.

30. The invention defined in claim 29 wherein said
control means comprises:

" means responsive to said error s1gnal for producing
a first brake control signal which is a time integral
function of said slip error signal and for producing
a second brake control signal which is a non-
integral function of said slip error signal; and

means responsive to said first and second brake con-

trol signals for effecting said modification of the ac-
tion of said brake application means.

31. The invention defined in claim 29 wherein said
control means includes means for producing a brake
control signal when said slip error signal exceeds a pre-
determined threshold level, said brake control signal
being a time integral function of both positive and neg-
ative variation of said slip error signal from said thresh-
old level.

32. A system for modifying the action of the brake

application means for a wheel of a vehicle, comprising:’

analog means responsive to rotation of said wheel for
producing a wheel-speed signal that is a function of
the instantaneous rotational speed of said wheel;

simulator means supplied with information from said
wheel-speed signal for producing a variable refer-
ence signal simulating vehicle speed, said simulator
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means comprising means for establishing an initial
variable reference signal value derived from maxi-
mum wheel speed attained during wheel accelera-
tion, means for producing a force-analog signal
which varies as a function of the first derivative
with respect to time of the low frequency content
of the difference between said variable reference
signal and said wheel-speed signal, and mass-
analog means responsive to said force-analog signal
for forming a time integral function of said force-
analog signal in analog relation to vehicle mass and
reducing said variable reference signal in accor-
dance therewith;
comparator means supplied with said wheel-speed
signal and with said variable reference signal for
comparing said wheel-speed signal with said vari-
able reference signal to provide a slip error signal
that is a function of the difference between said
wheel-speed signal and said variable reference sig-
nal;
means responsive to said slip error signal for produc-
ing a first brake control signal when said slip error
signal exceeds a first predetermined threshold
level, said first brake control signal being a time in-
tegral function of both positive and negative varia-
tion of said slip error signal from said first threshold
level,;
means responsive to said error signal for producing
a second brake control signal when said slip error
signal exceeds a second predetermined threshold
level, said second brake control signal being a non-
integral function of said slip error signal; and

means for summing said first and second brake con-
trol signals to produce a composite brake control
signal for modifying the action of said brake appli-
cation means.
33. The invention defined in claim 32 wherein said
second brake control signal 'is substantially a linear
function of said slip error signal.
34. The invention defined in claim 32 further com-
prising capacitor means for providing a system lag com-
pensating signal for summation with said first and sec-
ond brake control signals to form said composite brake
control signal.
35. A system for modifying the action of the brake
application means for a wheel of a vehicle, comprising:
analog means responsive to rotation of said wheel for
producing a wheel-speed signal that is a function of
the instantaneous rotational speed of said wheel;

reference generating means supplied with informa-
tion from said wheel-speed signal for producing a
variable reference signal without direct vehicle ac-
celerative measurement, said reference generating
means comprising means for establishing an initial
variable reference signal value derived from maxi-
mum wheel speed attained during wheel accelera-
tion, means for producing a reference control sig-
nal which varies as a first derivative function of said
wheel speed signal, and means for reducing said
variable reference signal as a function of said refer-
ence control signal;

comparator means supplied with said wheel-speed

signal and with said variable reference signal for
comparing said wheel-speed signal with said vari-
able reference signal to provide an error signal that
is a function of the difference between said wheel-
speed signal and said variable reference signal; and
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control means responsive to said error signal for pro-
ducing a brake control signal for modifying the ac-
tion of said brake application means.

36. The invention defined in claim 35 wherein said
means for reducing said variable reference signal as a
function of said reference control signal comprises
means responsive to said reference control signal for
forming a time integral function of said reference con-
trol signal in accordance therewith.

37. A system for modifying the action of the brake
application means for a wheel of a vehicle comprising:

analog means responsive to rotation of said wheel for

producing a wheel-speed signal that is a function of
the rotational speed of said wheel;

reference generating means supplied with informa-

tion from said wheel-speed signal for producing a
variable reference signal without direct vehicle ac-
celerative measurement, said reference generating
means comprising means for establishing an initial
variable reference value derived from maximum
wheel speed attained during wheel acceleration,
means for producing a reference control signal
which varies as a low frequency first derivative
function of said wheel speed signal, and means for

reducing said variable reference signal as a func-

tion of said reference control signal;

comparator means supplied with said wheel-speed
signal and with said variable reference signal for
comparing said wheel-speed signal with said vari-
able reference signal to provide an error signal that
is a function of the difference between said wheel-
speed signal and said variable reference signal; and

control means responsive to said error signal for pro-
ducing a brake control signal for modifying the ac-
tion of said brake application means.

38. The invention defined in claim 37 wherein said
means for reducing said variable reference signal as a
function of said reference control signal comprises
means responsive to said reference control signal for
forming a time integral function of said reference con-
trol signal and reducing said variable reference signal
in accordance therewith.

39. A system for modifying the action of the brake
application means for a wheel of a vehicle comprising:

analog means responsive to rotation of said wheel for

producing a wheel-speed signal that is a function of
the rotational speed of said wheel,

reference generative means supplied with informa-

tion from said wheel-speed signal for producing a
variable reference signal without direct vehicle ac-
celerative measurement, said reference generating
means comprising means for establishing an initial
variable reference signal value derived from maxi-
mum wheel speed attained during wheel accelera-
tion, means for producing a reference control sig-
nal which varies as a first derivative function of the
difference between said wheel-speed signal and
said variable reference signal, and means for reduc-
ing said variable reference signal as a function of
said reference control signal;

comparator means supplied with said wheel-speed

signal and with said variable reference signal for
comparing said wheel-speed signal with said vari-
able reference signal to provide an error signal that
is a function of the difference between said wheel-
speed signal and said variable reference signal; and
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control means responsive to said error signal for pro-
ducing a brake control signal for modifying the ac-
tion of said brake application means.

40. The invention defined in claim 39 wherein said
means for reducing said variable reference signal as a
function of said reference control signal comprises
means responsive to said reference control signal for
forming a time integral function of said reference con-
trol signal and reducing said variable reference signal
in accordance therewith.

41. A system for modifying the action of the brake
application means for a wheel of a vehicle, comprising:

analog means responsive to rotation of said wheel for

producing a wheel-speed signal that is a function of
the rotational speed of said wheel;
reference generating means supplied with informa-
tion from said wheel-speed signal for producing a
variable reference signal, said reference generating
means comprising means for establishing an initial
variable reference signal without direct vehicle ac-
celerative measurement value derived from maxi-
mum wheel speed attained during wheel accelera-
tion, means for producing a reference control sig-
nal which varies as a low frequency first derivative
function of the difference between said wheel-
speed signal and said variable reference signal, and
means for reducing said variable reference signal as
a function of said reference control signal;

comparator means supplied with said wheel-speed
signal and with said variable reference signal for
comparing said wheel-speed signal with said vari- -
able reference signal to provide an error signal that
is a function of the difference between said wheel-
speed signal and said variable reference signal; and

control means responsive to said error signal for pro-
ducing a brake control signal for modifying the ac-
tion of said brake application means.

42. The invention defined in claim 41 wherein said
means for reducing said variable reference signal as a
function of said reference control signal comprises
means responsive to said reference control signal for
forming a time integral function of said reference con-
trol signal and reducing said variable reference signal
in accordance therewith.

43. The invention defined in claim 41 wherein said
control means comprises:

means responsive to said error signal for producing

a first brake control signal which is a time integral
function of said error signal and for producing a
second brake control signal which is a non-integral
function of said error signal; and

means responsive to said first and second brake con-

trol signals for effecting said modification of the ac-
tion of said brake application means.

44. The invention defined in claim 41 wherein said
control means includes means for producing a brake
control signal when said error signal exceeds a prede-
termined threshold level, said brake control signal :
being a time integral function of both positive and neg-
ative variation of said error signal from said threshold
level.

45. A system for modifying the action of the brake
application means for a wheel of a vehicle, comprising:

analog means responsive to rotation of said wheel for

producing a wheel-speed signal that is a function of
the instantaneous rotational speed of said wheel;
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reference generating means supplied with informa-
tion from said wheel-speed signal for producing a
variable reference signal, said reference generating
means comprising means for establishing an initial
variable reference signal value derived from maxi-

mum wheel speed attained during wheel accelera-

tion, means for producing a reference control sig-
nal which varies as a low frequency first derivative
function of the difference between said wheel-
speed signal and said variable reference signal,
means responsive to said reference control signal
for forming a time integral function of said refer-
ence control signal and reducing said variable ref-
erence signal in accordance therewith;

comparator means supplied with said wheel-speed
signal and with said variable reference signal for
comparing said wheel-speed signal with said vari-
able reference signal to provide an error signal that
is a function of the difference between said wheel-
speed signal and said variable reference signal;

means responsive to said error signal for producing
a first brake control signal when said error signal
exceeds a first predetermined threshold level, said
first brake control signal being a time integral func-
tion of both positive and negative variation of said
error signal from said first threshold level;

means responsive to said error signal for producing

a second brake control signal when said error sig-
nal exceeds a second predetermined threshold
level, said second brake control signal being a non-
integral function of said error signal; and

means for summing said first and second brake con-

trol signals to produce a composite brake control
signal for modifying the action of said brake appli-
cation means.

46. The invention defined in claim 45 wherein said
second brake control signal is substantially a linear
function of said error signal.

47. The invention defined in claim 45 further com-
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prising capacitor means for providing a system lag com-
pensating signal for summation with said first and sec-
ond brake control signals to form said composite brake
control signal.
48. In a braking control system for a vehicle having
a plurality of wheels having controlled brake applica-
tion means, the combination for each one of said
wheels comprising: ' _
analog means responsive to rotation of said one
wheel for producing a wheel-speed signal that is a
function of the instantaneous rotational speed of
said one wheel; :
reference generating means supplied with informa-
tion from said wheel-speed signal for producing a
variable reference signal without direct vehicle ac-
" celerative measurement, said reference generating
means utilizing wheel-speed information obtained
solely from said one wheel so as to avoid error-
inducing introduction of wheel-speed information
from other wheels;
comparator means supplied with said wheel-speed
signal and with said variable reference signal for
comparing said wheel-speed signal with said vari-
able reference signal to provide an error signal that
is a function of the difference between said wheel-
speed signal and said variable reference signal;
control means responsive to said error signal for pro-
ducing a brake control signal for modifying the ac-
tion of said brake application means; and
said reference generating means comprising means
for establishing an initial variable reference signal
value derived from maximum wheel speed attained
during wheel acceleration, means for effecting
decay of said variable reference signal at a prede-
termined rate, and means responsive to the brake
control signals for all of said braked wheels for
modifying the rate of decay of said variable refer-

ence signal.
* * * * *



